Carrot is one of the most important root vegetables rich in bioactive compounds such as carotenoids and dietary fibres, with appreciable levels of several other functional components and having significant health-promoting properties. Therefore, it is cultivated on a large scale throughout the world. The by-product (pomace) resulted during carrot juice production is used mainly as animal feed although it contains many valuable components and could therefore be used profitably in the food industry, too. Carrot pomace needs to be preserved by drying as otherwise it deteriorates rapidly. In our research, we studied the infrared drying kinetics of carrot pomace at various temperatures, the obtained data being very important in the drying practice.
processed products such as juice, concentrate, dried powder, canned products, In order to improve the drying efficiency and product quality, some other techniques, such as microwave, infrared, etc., have been combined with the hot air drying of vegetables (Ly & Zhang, 2017) . The infrared (IR) radiation heating technology is a new environment-friendly heating technology with its intrinsic advantages such as high heat transfer and drying rate, uniform temperature distribution, nutrient loss reduction, and significant energy saving (Krishnamurthy et al., 2008; Riadh et al., 2015) . Further development and application of IR-related processing technology and equipment will contribute to achieving sustainable agricultural and food processing and obtaining highquality, high-value, and healthy vegetable food products (Wu et al., 2017; Ly & Zhang, 2017) .
In general, the moisture content of the materials does not refer only to water, but it includes all substances (i.e. fats, oils, alcohol, solvents, etc.) that evaporate when the sample is heated. In carrot pomace used for the experiments, moisture content could be assumed as being mainly water since carrot contains a minimal amount of fats (0.2-0.3 g/100 g) ( (Molnár, 2015) requires a longer measuring period, while the sample is heated from the outside to the inside by a hot air current so as to remove the moisture convectively. In contrast, the moisture content determination by thermogravimetric method (as used by the Kern moisture meter) is associated with sample warming from the inside to the outside since the radiation applied penetrates mainly the sample in order to be transformed inside of it into heat energy (Anonymus, 2010). The thermogravimetric method follows the same principle as a conventional method, i.e. measuring the weight of the sample before and after heating and determining the moisture content from the weight difference. Due to the automatic operation, without manipulation and cooling of the probes, this method requires a shorter measuring time.
The purpose of this study is to characterize the infrared drying of carrot pomace at different temperatures and to compare drying kinetics for future practical use. Temperature values have been selected taking into account the recommendations of several studies Alam et al., 2013) to preserve the quality of all valuable components of carrot pomace.
Materials and methods
For the research, industrial carrot juice production by-product (carrot pomace) was used. After harvesting, the carrot was transported to the company's warehouse. After being washed with tap water, it was grinded (approximately 3-5 mm in size, pieces of different shapes) and pressed by a belt filter press (Voran EBP650). The resulting carrot pomace was frozen until the laboratory experiments were performed.
For laboratory drying measurements, a KERN MLB MB 10 moisture balance with 400 W mercury vapour lamp and digital scale with three decimal places was used. Pomace drying was studied at five different temperatures, i.e. 50, 55, 60, 65, and 70 • C. For each measurement, 5 g of carrot pomace was used (more precisely, between 5.004 and 5.012 g) and spread evenly on the 70.85 cm 2 surface sample plate (d plate = 95 mm). Weight data was recorded every 2 minutes until a constant weight was reached. The collected data was processed with Microsoft Excel and Statistica 8.0 (StatSoft, Inc.) programs.
Mathematical modelling
The following mathematical models were used to characterize the drying rate and to calculate the drying constants (Barbosa-Cánovas & Vega-Mercado, 1996; Szép et al., 2017):
-the moisture content (wet basis) of carrot pomace at time τ :
where: m i -the sample weight at time τ , g; m edp -the final weight of the sample (when no further moisture removal was recorded at a particular drying temperature), g; -the moisture content (dry basis) of carrot pomace at time τ :
-drying rate:
-drying time:
74É. Molnos, Z. Vajda where: m -the mass of the wet material subjected to drying, g; S -transfer surface, m 2 ; w 1 , w f , w cr , w eq -the initial, final, critical, and equilibrium (corresponding to ambient conditions) moisture content, kg moisture/kg wet basis; k -rate constant, kg/(m 2 ·s).
Results and discussions
Infrared drying of the carrot pomace was carried out at five different temperatures (i.e. 50-70 • C with 5 • C steps) in three successive runs. The data collected for each series is shown in Fig. 1a . There was no significant difference in the data values, so the standard deviation is not plotted. (1)), there is no such difference between the two experiments. In our case, the average initial moisture content of the samples was 87.25 ± 0.37% (wet basis), while before the hot air convective drying it was 85.62% (wet basis) (Upadhyay et al., 2008) .
Drying curves (moisture content versus time) recorded at different temperatures are shown in Fig. 1b . The trend of the drying curves is typical for vegetables and is similar to other agricultural products reported as the moisture ratio decreased exponentially (Ahmed, 2018) .
The drying curves are useful to plot the change in drying rate (eq. (3)) as function of moisture content, too (Fig. 2 ).
Figure 2: Drying rate changes as function of moisture content at different temperatures
As we can see from the curves, there are two different drying periods: the first, the so-called constant drying rate period, and the descending rate drying period. The value of moisture corresponding to the point of inflection is described in the literature as critical moisture content (w cr ). By the end of the second period, the moisture in the sample will run out, i.e. it will reach the equilibrium moisture (w eq ) level. In order to express the value of the dry-ing rate constant (k) from the drying time equation (eq. (4)), these values must first be determined using the drying curves (Fig. 2 ) . These values are summarized in Table 1 . It has to be noted that during the experiments, the carrot pomace was carefully distributed evenly over the sample plate of the balance; therefore, the value of the drying surface was initially equal with the plate surface, numerically: S = 0.00708 m 2 . Despite the varying shrinkage of the carrot pomace during the measurements, it was not taken into account in our calculations. The calculated rate constant values from equation (4) are listed in Table 1 . In the studied drying temperature interval, the rate constant variation is linear in function of temperature. As the value of coefficient of determination is close to 1 (R 2 = 0.9627), this suggests that the equation (5) is appropriate for drying rate constant estimation at various drying temperatures: k = 1.33 · 10 −5 · T − 0, 0004 (5) 
Conclusions
Based on the study, we concluded that the carrot pomace drying with infrared radiation method would be a better choice compared to hot air convective drying due to significantly shorter drying time. The calculated rate constants of infrared drying at various temperatures could serve as a good starting point for industrial research and developments that need to be carried out to scale up this drying method. Dried carrot pomace can be easily grinded to powder and can be incorporated in bakery products as a cheap source of dietary fibres. Furthermore, this processing alternative represents a good opportunity for the vegetable juice manufacturing industry for efficient waste management and additional profit.
